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E-mail address: yshoham@tx.technion.ac.il (Y. ShoIn this study we demonstrate that the abp gene in Geobacillus stearothermophilus T-6 encodes a fam-
ily 27 glycoside hydrolase b-L-arabinopyranosidase. The catalytic constants towards the chromo-
genic substrate pNP-b-L-arabinopyranoside were 0.8 ± 0.1 mM, 6.6 ± 0.3 s1, and 8.2 ± 0.3 s1 mM1
for Km, kcat and kcat/Km, respectively. 13C NMR spectroscopy unequivocally showed that Abp is capa-
ble of removing b-L-arabinopyranose residues from the natural arabino-polysaccharide, larch arab-
inogalactan. Most family 27 enzymes are active on galactose and contain a conserved Asp residue,
whereas in Abp this residue is Ile67, which shifts the speciﬁcity of the enzyme towards
arabinopyranoside.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The primary plant cell wall is composed predominantly of three
main polysaccharides: cellulose, hemicelluloses and pectin. Pectin
is a complex polysaccharide that may account for up to 35% of the
dry weight of plant cell wall [1]. It can be further divided into three
major forms: homogalacturonan, rhamnogalacturonan I (RG-I) and
rhamnogalacturonan II (RG-II) [2]. Arabinan, a branched polysac-
charide, is part of rhamnogalacturonan I (RG-I) and is also one of
the polysaccharides that assemble hemicellulose [3,4]. The arab-
inan backbone consists of a-1,5-linked L-arabinofuranosyl units,
and is decorated mainly with a-1,2- and a-1,3-linked arabinofur-
anosides [5]. The L-arabinose residues are hence very abundant
in plants, and are found mainly in arabinan polysaccharides and
in other arabinose-containing polysaccharides, such as arabinoxy-
lans and pectic arabinogalactans. The majority of the arabinose
units in plants are in the furanose form (ﬁve membered ring con-
ﬁguration), however, small amounts of arabinopyranose form
(the six membered ring conﬁguration) are also present at the side
chains terminal ends of some polysaccharides, such as xylan [1].chemical Societies. Published by E
rabinopyranoside; pNP-a-L-
alp, p-nitrophenyl a-D-galac-
ham).Geobacillus stearothermophilus T-6 is a thermophilic soil bacte-
rium that possesses an extensive system for the utilization of xy-
lan, galactan and arabinan [5–7]. This bacterium produces a
limited number of extracellular enzymes (e.g., extracellular xylan-
ase, arabinanase, and galactanase) [8] that cleave the high molec-
ular weight polysaccharides backbone to short decorated
oligosaccharides. These oligosaccharides enter the cell via speciﬁc
ABC sugar transporters [9], and are further hydrolyzed in the cell
to monosaccharides by intracellular enzymes [5].
We recently characterized the L-arabinan utilization system in
G. stearothermophilus [5]. The system is located on a 38-kb gene
segment and contains 23 genes. According to the locations of po-
tential transcription terminators, the genes in the arabinan utiliza-
tion cluster appear to be organized into ﬁve transcriptional units,
each unit has a different proposed biological function. The genetic
map of the arabinose and arabinan utilization genes in strain T-6 is
illustrated in Fig. 1. The ﬁrst unit contains three genes (araPST), and
is a potential three-component sensing system. Next to this unit
lies an ATP-binding cassette (ABC), which functions as an arabinose
transport system (araEGH). The AraPST system senses an extracel-
lular arabinose (a sign for arabinan) and, as a result, activates the
transport system for arabinose (AraEGH). The next gene in the
arabinan cluster, araR, encodes a repressor that can bind the pro-
moter regions of the arabinan utilization genes. The binding of araR
to the promoter regions was efﬁciently prevented in the presencelsevier B.V. All rights reserved.
Fig. 1. Genetic map of the arabinose and arabinan utilization 38-kb gene cluster in strain T-6. The letter P indicates the proposed promoter site, and X indicates the position
of the transcription termination site. The genes can be categorized into glycoside hydrolases (abp, abnA, abnB, abfB and abfA), arabinose-sensing system (araPST), sugar ABC
transporters (araEGH and abnEFJ), sugar metabolism (araDBA and araJKLMN) and the negative regulator (araR).
R. Salama et al. / FEBS Letters 586 (2012) 2436–2442 2437of arabinose, which implies that arabinose is the molecular inducer
of the arabinan utilization system [5]. Following the araR gene,
there is a 5-gene element, araDBA, abp and abnB. AbnB hydrolyzes
short unmodiﬁed arabino-oligomers into arabinose monomers
[10]. These arabinose monomers are then converted into xylose-
5-phosphate by the AraDBA enzymes and subsequently enter the
pentose cycle [11,12]. The last operon in the system contains 11
genes for the utilization of arabinose and arabinan, abnEFJ, abnA,
abfBA and araJKLMN. AbnA hydrolyzes the main high-molecular-
weight arabinan polymer, creating short branched arabino-oligo-
saccharides and arabinose. The arabino-oligosaccharide products
enter the cell via a speciﬁc ABC sugar transporter AbnEFJ, and the
ﬁnal hydrolysis of the modiﬁed arabino-oligosaccharides is accom-
plished by the action of intracellular enzymes. These enzymes are
two a-L-arabinofuranosidases (AbfA and AbfB) and one arabinan-
ase (AbnB). AbfA and AbfB remove a-1,2- and a-1,3-linked arabi-
nofuranoside substitutions [13–17]. The role of the araJKLMN
genes in the arabinan system is not fully understood and they
are likely to constitute a novel utilization pathway for pentoses
in G. stearothermophilus [5,18].
While most genes in the L-arabinan utilization system are well
characterized, little is known about the abp gene. This gene shows
high homology to the enzymes of glycoside hydrolase family 27
(GH27) and is disrupted by the insertion element IS5377 [19]. En-
zymes from family GH27 work in a retaining mechanism (hydroly-
sis with net retention of the anomeric conﬁguration). Most
enzymes of this family exhibit a-galactosidase activity [20], how-
ever, this type of activity does not seem to correlate with the phys-
ical location of the abp gene in the context of the arabinan operon.
Recently, enzymes from family GH27 have been shown to exhibit
b-L-arabinopyranosidase activity [21,22]. These ﬁndings promoted
us to test the activity of the abp gene product. Here we show that
the abp gene from G. stearothermophilus T-6 encodes an enzyme
with an arabinopyranosidase activity, capable of removing arabi-
nopyranose residues from natural arabinose-containing
polysaccharides.2. Materials and methods
2.1. Gene cloning
The abp gene in strain T-6 genome (GenBank accession number
DQ868502, base pairs 18420–21022) is interrupted by an insertion
sequence (IS5377, base pairs 18689–19935). In order to obtain an
active form of the enzyme, the gene was cloned into pET9d expres-
sion vector (Novagen, Madison, WI) without this insertion se-
quence. The cloning of the gene was done in two segments,
located before and after the insertion element, using overlap
extension with PCR [23]. The primers for the ﬁrst segment were
the N-terminal primer (50-CTCAAATCCATGGCTCATCATCATCAT-
CATCATTCCTCTTATTCTAATAAGG-30), which included a His6-tag
and an NcoI restriction site (CCATGG), and a primer upstream to
the insertion element (50-CATTTCTAATGGGACAAACGGACGG-30).The primers for the second segment were the C-terminal primer
(50-GGCTGCAGGATCCCTATAACCCTTTCCCTACAGCTGG-30), which
included a BamHI restriction site (GGATCC) after the end of the
gene, and a primer downstream to the insertion element (50-
CCGTCCGTTTGTCCCATTAGAAATGGATGAATATTCACGTTTAATGCCG
GCGG-30). The overlapping sites in the primers are underlined. Fol-
lowing PCR ampliﬁcation, the two segments were used as a tem-
plate for another PCR reaction with the N- and C-terminal
primers, yielding a complete gene without the insertion element.
The PCR product was then digested with the restriction enzymes
NcoI and BamHI and ligated into pET9d vector. The vector was
transformed into E. coli BL21 (DE3) (Novagen, Madison, WI).
2.2. Protein expression and puriﬁcation
Protein expression was performed as previously described [5].
Protein puriﬁcation was performed using Histrap column (GE
Health Care), attached to AKTA explorer fast protein liquid chroma-
tography system (GE Health Care). The Abp protein appeared as a
distinct protein peak, which was then collected and dialyzed
over-night against 2 l of 50 mM Tris–HCl buffer, pH 7.0, 100 mM
NaCl, and 0.02% sodium azide.
2.3. Substrates
The synthetic substrates p-Nitrophenyl (pNP) – glycosides, pNP-
b-L-arabinopyranoside (pNP-b-L-Arap), pNP-a-L-arabinofuranoside
(pNP-a-L-Araf) and pNP-a-D-galactopyranoside (pNP-a-D-Galp),
as well as larch arabinogalactan and beech-wood xylan, were pur-
chased from Sigma. Sugar-beet branched and linear arabinan were
purchased from Megazyme (Wicklow, Ireland).
2.4. Biochemical characterization
The activity of Abp towards pNP-b-L-Arapwas determined using
different concentrations of pNP-b-L-Arap. The reaction mixture
contained 100 ll of McIlvaine buffer (0.2 M Na2HPO4 and 0.1 M
citricacid, pH 6.0), 1 lg/ml of Abp, 1 mg/ml BSA and different con-
centrations of pNP-b-L-Arap (0–6 mM). Reactions were carried out
at 40 C for 10–15 min and were terminated by adding 50 ll of
0.2 M Na2CO3. Upon the release of pNP, yellowish color appeared
and was determined at 405 nm (extinction coefﬁ-
cient = 12,125 M1 cm1). One unit of activity is deﬁned as the
amount of enzyme which produces 1 lmol of pNP per minute.
The effect of pH on the reaction rate was determined using the
standard mixture mentioned above. McIlvaine buffer was used at
pH range of 3.0–7.5. The reaction mixtures contained 100 ll of
McIlvaine buffer, 5 lg/ml Abp, 2 mM pNP-b-L-Arap and 1 mg/ml
BSA. The reactions were carried out at 40 C for 2.5–18 min and
terminated by the addition of 50 ll of 0.2 M Na2CO3. The effect
of temperature on the reaction initial rate was determined using
the same reaction mixtures mentioned above, at pH 6.0, with
1 lg/ml Abp and at temperature range of 35–75 C. The reactions
Fig. 2. The effect of pH and temperature on Abp activity.(A) Optimum pH, tested in sodium phosphate-citric acid buffer, at 40 C. (B) Optimum temperature, measured at pH
6.0. (C) Thermostability of Abp at pH 6.0. The residual activity was measured after 30 min of incubation at the different temperatures.
Fig. 3. Multiple sequence alignment of Abp with representative GH27 enzymes. B. halodurans uncharacterized BH1870 (B.hal, GenBank BAB05589.1), S. avermitilis b-L-
arabinopyranosidase (S.ave, GenBank BAC69897.1), F. oxysporum a-galactosidase/b-L-arabinopyranosidase (F.oxy1 and F.oxy 2, GenBank BAH10648.1 and BAH10649.1,
respectively), O. sativa a-galactosidase (O.sat, GenBank BAB12570.1), S. erythraea a-galactosidase (S.ery, GenBank AAC99325.1), and H. jecorina a-galactosidase (H.jec,
GenBank CAA93244.1). N and A mark the aspartic acid residues acting as the nucleophile and the acid/base, respectively. Amino acids involving in the binding of the sugars (L-
arabinopyranoside or galactopyranose) are marked with asterisk. The black circle indicates the residue that may govern substrate speciﬁcity. Plus signs indicate cysteine
residues conserved in a-galactosidase enzymes. The amino acid numbering is for the mature forms of the enzymes (without the leader peptides).
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nated by the addition of 50 ll of 0.2 M Na2CO3. Thermostability
of Abp was tested at temperature range of 30–80 C. Enzyme solu-
tions were ﬁrst incubated at the tested temperature for 30 min and
then residual activity was measured at 40 C. The reactions were
carried out with the same mixtures as mentioned above, with
Abp concentration of 0.5 lg/ml, and lasted for 10 min.
2.5. Substrate speciﬁcity
The activity of Abp on pNP-b-L-Arap was examined in compari-
son to its activity on two other, relatively similar, pNP glycosides:
pNP-a-L-Araf and pNP-a-D-Galp. The reactions were performed at
40 C for 10 min, in McIlvaine buffer (pH 6.0). Substrates concen-
trations were 2 mM and enzyme concentration was 1 lg/ml forthe reaction with pNP-b-L-Arap and 1000 lg/ml for the reactions
with pNP-a-L-Araf and pNP-a-D-Galp.
Substrate speciﬁcity towards natural polysaccharides was
determined with 4% larch arabinogalactan and sugar-beet arab-
inan, at 50 C. The reactions were carried out in McIlvaine buffer
(pH 6.0). After incubation for the appropriate reaction time, the
amount of released arabinose was measured by high-performance
anion-exchange chromatography using a PA1 column and pulsed
amperometric detection (HPAEC-PAD) ((Dionex LC30 instrument
(Sunnyvale, CA) equipped with a pulsed amperometric detector
(ED40) and a PA1 column)). HPAEC-PAD was performed using
two buffer eluents, eluent A (150 mM NaOH) and eluent B
(150 mM NaOH and 500 mM sodium acetate). The gradient was
programmed as follows: 0–1 min, isocratic elution using 100% A
and 0% B; 1–30 min, linear gradient to 0% A and 100% B. The elution
Fig. 4. Structural model of Abp active site. The model is based on Bacillus halodurans GH27 enzyme BH1870 (PDB 3CC1A) with 68% identity to Abp (Z-score of the model is
1.828), and on the crystal structures of SaArap27A complexed with arabinopyranose and galactopyranose (PDB 3A22 and 3A23, respectively). The ﬁgure was done using
CHIMERA [38]. (A) Abp with arabinopyranose. (B) Abp with galactopyranose.
Fig. 5. High-performance anion-exchange chromatography (HPAEC) analysis dem-
onstrates the release of arabinopyranose residues from larch arabinogalactan by
Abp. Abp was incubated with 40 mg/ml arabinogalactan at pH 6.0 and 50 C.
Hydrolysis products of arabinogalactan generated by Abp after 0, 30, 60 and 90 min
incubation are shown.
Fig. 6. Time dependent release of arabinose from sugar-beet arabinan by Abp.
Sugar-beet arabinan was incubated with Abp at pH 6.0 and 50 C. The concentration
of free arabinose was measured by HPAEC, and its values are expressed as percent
(w/w) from the calculated total sugar content based on the polymer initial weight.
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used as a standard.2.6. Analytical methods
Reducing sugars content was determined using the bicinchoni-
nic acid (BCA) assay [24] with arabinose as a standard. 13C NMR
spectroscopy was performed in D2O on Bruker Avance AV-III 500
spectrometer operating at 500.13 resonance frequency. Five-mm
outer diameter glass tubes were used with broadband (BBO) probe
head with automatic tuning equipped with z-gradients and 2H
lock. Data were collected with 22,990 shots, a 16.5 s dwell time,
65,536 real points in the time domain, and a relaxation time of
3 s. In order to view only the high molecular weight polysaccha-
ride, without the degradation products of Abp, the polymer was
precipitated with acetone at a ratio of 2:1 acetone to sample. Fol-
lowing precipitation, the supernatant ﬂuid, containing monosac-
charides, was discarded, and the precipitate, containing the high
molecular weight polysaccharides, was dissolved in D2O.3. Results and discussion
3.1. Puriﬁcation of Abp
The abp gene encodes a 448-amino acid protein with a calcu-
lated molecular weight of 51,190. The sequence of Abp protein
was analyzed with BLAST [25] and showed homology to enzymes
that belong to GH family 27. The Abp protein was overexpressed
efﬁciently in E. coli using the T7 polymerase expression system.
Typically, from 1 liter of over-night E. coli culture, 150 mg of pro-
tein were produced. The protein was puriﬁed using FPLC, and
based on SDS–PAGE, the protein was about 95% pure and its esti-
mated size was 50,000 Da (data not shown).
3.2. Abp activity at different temperatures and pH
The activity of Abp was examined at different temperatures and
pH values using pNP-b-L-arabinopyranoside as a substrate. The
optimal pH value under the experimental conditions was 5.5–6.0,
similar to that of other enzymes from G. stearothermophilus such
as a-L-arabinofuranosidase [13] (Fig. 2A). The optimal temperature
under the experimental conditions was 55 C (Fig. 2B). The ther-
mostability of Abp was estimated by pre-incubating the enzyme
for 30 min at temperatures between 30 and 80 C. The enzyme
was stable at temperatures below 45 C and lost over 90% of its
activity at 70 C (Fig. 2C). The thermostability of Abp appears to
be somewhat lower compare to other intracellular enzymes from
G. stearothermophilus, for example, a-L-arabinofuranosidase was
most active at 70 C and was stable at 60 C following incubation
for a few hours [13].
Fig. 7. 13C NMR spectra of arabinogalactan (AG) treated with Abp. (A) Spectrum of AG (without incubation with Abp). (B) Spectrum of AG incubated with Abp for 24 h. The
spectra were normalized according to the peak at 104 ppm corresponding to the anomeric carbon of b-D-galactopyranose of the backbone, which is not affected by the
enzyme. C5 of the arabinopyranose substituent is circled and resonates at d = 64 ppm; its anomeric carbon resonates at d = 101 ppm and is indicated with asterisk.
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The Michaelis–Menten catalytic constants of Abp towards pNP-
b-L-arabinopyranoside were 0.8 ± 0.1 mM, 6.6 ± 0.3 s1, and
8.2 ± 0.3 s1 mM1 for Km, kcat and kcat/Km, respectively. Similar val-
ues were obtained with SaArap27A, an arabinopyranosidase en-
zyme from Streptomyces avermitilis. The catalytic constants of
SaArap27A towards pNP-b-L-arabinopyranoside were
3.6 ± 0.4 mM, 5.3 ± 0.2 s1, and 1.5 ± 0.6 s1 mM1 for Km, kcat and
kcat/Km, respectively [21]. Abp showed negligible activity towards
pNP-a-L-arabinofuranoside and pNP-a-D-galactopyranoside, its kcat
values for these substrates were 8.0  104 s1and 6.5  104 s1,
respectively, which are 4 orders of magnitude lower than the kcat
value that was measured for pNP-b-L-arabinopyranoside (6.6 s1).
These results show that Abp is indeed speciﬁc towards the arabino-
pyranose moiety and has a very small residual activity on similar
sugars. b-L-Arabinopyranosidases characterized so far appear to
have different substrate speciﬁcities. The enzymes Fo/AP1 and
Fo/AP2 from Fusarium oxysporum have similar catalytic constants
towards pNP-a-D-galactopyranoside and pNP-b-L-arabinopyrano-
side [22]. The speciﬁcity of SaArap27A from Streptomyces avermitil-
is is about 160 fold higher towards pNP-b-L-arabinopyranoside
compare to pNP-a-D-galactopyranoside [21], whereas Abp appears
to exhibit only very low residual activity towards pNP-a-D-galacto-
pyranoside. Sequence alignment of Abp with representative family
27 enzymes reveled that a single residue, corresponding to Ile67 in
Abp, may govern substrate speciﬁcity (Fig. 3). Galactosidases have
an Asp residue in that position; the bifunctional enzymes have a
Cys residue and SaArap27A has a Glu residue (Glu99). A structural
model of Abp active site was constructed using SWISS-MODEL
[26,27]. The model is based on the structure of the uncharacterized
GH27 enzyme BH1870 from Bacillus halodurans (68% identity).
Galactopyranose and arabinopyranose were modeled in the active
site following superposition based on the crystal structures of SaA-
rap27A complexed with galactopyranose and arabinopyranose [21](Fig. 4). Based on this model, Ile67 in Abp appears to form steric
clashes with the Gal-O6 which makes the binding of galactose un-
likely. Indeed, in GH27 galactosidases the Asp residue in that posi-
tion (Asp52 in Oryza sativa and Asp55 in Hypocrea jecorina) forms
an hydrogen bond with Gal-O6, thus stabilizing the binding of gal-
actose [28,29].
3.4. Abp releases arabinopyranoside residues from natural
polysaccharides
Abp activity was tested on different natural polysaccharides,
which are known to contain arabinose. The different polysaccha-
rides were incubated with Abp over-night and the concentrations
of released arabinose units were measured by HPAEC-PAD. Signif-
icant activities were observed on sugar-beet arabinan and larch
arabinogalactan, whereas only marginal activities were found for
linear arabinan and beech-wood xylan. Therefore, experiments
on natural substrates were focused on sugar-beet arabinan and
larch arabinogalactan.
Sugar-beet arabinan or larch arabinogalactan solutions were
incubated with Abp at 50 C and samples were taken at different
time points. A typical HPAEC-PAD chromatogram is shown in
Fig. 5, indicating release of arabinose from arabinogalactan at dif-
ferent time points. Fig. 6 illustrates the hydrolysis rate of sugar-
beet arabinan by Abp, showing accumulation of arabinose with
time (based on the results obtained from the HPAEC-PAD). The
amount of released arabinose leveled off following 40 h of incuba-
tion and adding fresh enzyme did not result in additional arabinose
release. The fact that the release of arabinose residues leveled off is
a strong indication that the measured activity is not a result of
residual activity of the enzyme towards arabinofuranose residues
which are much more abundant in the natural polymer. Based on
the polymers initial concentrations, it can be estimated that the
amount of arabinopyranose residues that Abp released from arab-
inan and arabinogalactan is about 0.1% and 1.1% (w/w), respec-
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analysis, arabinan samples incubated with Abp were also tested by
measuring the increase in reducing power using the BCA assay. The
BCA analysis indicated a release of about 0.2% arabinose residues
from the arabinan polymer, which is in a good agreement with
the values obtained from the HPAEC-PAD analysis.
While in solution the arabinopyranose form is favored thermo-
dynamically over arabinofuranose (ratio of 90:10, respectively)
[30], the arabinopyranose moiety in natural polysaccharides is rel-
atively rare, a fact that makes it difﬁcult to determine exactly the
relative part of arabinopyranose moieties in those polysaccharides.
Yet, published values of the arabinopyranose prevalence are up to
2% in arabinan [31,32] and 5–8% in arabinogalactan [33–35].
To test directly the ability of Abp to remove arabinopyranose
units from natural polysaccharides we utilized 13C NMR spectros-
copy. NMR spectroscopy is advantageous because it is one of the
few methods that can distinguish between arabinopyranose and
arabinofuranose moieties. Representative spectra obtained for
treated arabinogalactan are shown in Fig. 7. Based on published
data, C5 of the arabinopyranose substituent of arabinogalactan res-
onates at d = 64 ppm and C1 at d = 101 ppm [33,36,37]. It can be
seen that after incubation with Abp the amount of arabinopyra-
nose moieties at the arabinogalactan polymer decreased. Signiﬁ-
cant decrease is observed for the C5 chemical shift (at 64 ppm)
and another decrease, though less signiﬁcant, for C1 (at
101 ppm). These results unequivocally demonstrate that Abp can
release arabinopyranose residues from arabinose-containing poly-
saccharides. The fact that the amount of arabinopyranose residues
only decreased and not disappeared completely can be attributed
to residues that are not accessible for the enzyme (which works
on short oligomers), as well as to small contamination due to ara-
binopyranose monomers which were not removed following pre-
cipitation. Such NMR spectra could not be obtained for sugar-
beet arabinan, because the amount of arabinopyranose released
from this polysaccharide is below the NMR detection threshold,
based on the signal-to-noise ratio obtained.
In conclusion, in this study we have shown that the abp gene
from G. stearothermophilus encodes a GH27 b-L-arabinopyranosi-
dase. Furthermore, we unequivocally demonstrated that Abp can
release b-L-arabinopyranoside moieties from the side chains of nat-
ural polysaccharides such as sugar-beet arabinan and larch
arabinogalactan.
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